Abstract-Cheyne-Stokes respiration and cardiac arrhythmias are associated with increased morbidity and mortality in patients with chronic heart failure (CHF). Enhanced carotid body chemoreflex (CBC) sensitivity is associated with these abnormalities in CHF. Reduced carotid body (CB) nitric oxide and nitric oxide synthase (NOS) levels play an important role in the enhanced CBC. In other disease models, Simvastatin (statin) treatment increases endothelial NOS, in part, by increasing Krüppel-like Factor 2 expression. We hypothesized that statin treatment would ameliorate enhanced CBC sensitivity as well as increased respiratory variability, apnea/hypopnea index, and arrhythmia index, in a rodent model of CHF. Resting breathing pattern, cardiac rhythm, and the ventilatory and CB chemoreceptor afferent responses to hypoxia were assessed in rats with CHF induced by coronary ligation. CHF was associated with enhanced ventilatory and CB afferent responses to hypoxia as well as increased respiratory variability, apnea/hypopnea index, and arrhythmia index. Statin treatment prevented the increases in CBC sensitivity and the concomitant increases in respiratory variability, apnea/hypopnea index, and arrhythmia index. Krüppel-like Factor 2 and endothelial NOS protein were decreased in the CB and nucleus tractus solitarii of CHF animals, and statin treatment increased the expression of these proteins. Our findings demonstrate that the increased CBC sensitivity, respiratory instability, and cardiac arrhythmias observed in CHF are ameliorated by statin treatment and suggest that statins may be an effective treatment for Cheyne-Stokes respiration and arrhythmias in patient populations with high chemoreflex 
P atients with chronic heart failure (CHF) often exhibit Cheyne-Stokes respiration (CSR), a form of episodic breathing during sleep or wakefulness characterized by recurrent central apneas and a crescendo-decrescendo pattern of tidal volume. 1 These individuals have a higher mortality rate, which may result from apnea-related hypoxemia and arrhythmias precipitated by CSR or apneic episodes. [1] [2] [3] [4] Increased arrhythmia incidence may be driven by higher tonic levels of sympathetic nervous system activity (SNA) as well as surges in SNA associated with CSR. 4, 5 Overactivation of the sympathetic nervous system is a major contributor to the progression of CHF in both humans and animal models. 6, 7 Increased afferent input from the carotid body (CB) chemoreceptors enhances peripheral chemoreflex function, which reflexively contributes further to sympathetic activation. 8, 9 Oscillatory breathing patterns observed in CHF may contribute directly to tonic and episodic elevations in SNA by their effect on the CB chemoreflex (CBC). Furthermore, alterations in afferent input from the CBC to cardiovascular control centers of the brain, such as the nucleus tractus solitarii (NTS), alter central neural function as well, 10, 11 which may also contribute to cardiovascular and cardiorespiratory perturbations in CHF.
We have identified several mechanisms underlying this exacerbation in CBC sensitivity that occurs in CHF. Decreased neuronal nitric oxide synthase-nitric oxide (nNOS-NO), decreased antioxidant enzyme expression, and increased CB angiotensin II and an upregulation of the angiotensin II type 1 receptor (AT 1 R) in the CB all contribute to the enhanced CBC sensitivity in CHF. [12] [13] [14] In a disease model that mimics the hypoxia associated with recurrent central apneas that often occur in CHF, inflammation has been identified as a potential contributor to enhanced CBC sensitivity as well.
drugs that are beneficial in the prevention of coronary heart disease. 16, 17 Statins have several pleiotropic effects and have been shown to decrease sympathetic tone in both CHF animals and human CHF patients. 18, 19 Statin treatment increases endothelial NOS (eNOS) expression via the mechanosensitive transcription factor Krüppel-like Factor 2 (KLF2) in the endothelium. 17, 20 KLF2 is also a potent inhibitor of many proinflammatory signals; KLF2 activation can inhibit nuclear factor-κB and activator protein 1, 2 transcription factors involved in proinflammatory responses and upregulation of AT 1 R.
The first goal of this study was to determine whether statin treatment can reduce exaggerated CBC sensitivity and disordered breathing patterns in a rat model of CHF. In addition, considering the relationship between arrhythmia incidence and CSR in clinical populations, we sought to determine a potential salutary effect of statin treatment on the incidence of arrhythmias in CHF. Because a hallmark of CHF is a decrease in central and peripheral NOS (ostensibly via KLF2) and a concomitant increase in central and peripheral AT 1 R, a second goal of this study was to examine the expression of KLF2, eNOS, and AT 1 R both in the CB and in its primary central relay center, the NTS. We hypothesized that statin treatment would normalize protein expression of KLF2, eNOS, and AT 1 R in the CB and NTS.
Methods
More details of the methods are provided in the online-only Data Supplement.
Animals
Twenty-two male Sprague-Dawley rats weighing 220 to 280 g (Sasco Breeding Laboratories, Omaha, NE) were fed and housed according to institutional guidelines. Protocols were approved by the University of Nebraska Institutional Animal Care and Use Committee and were in accordance with the American Physiological Society's Guiding Principles in the Care and Use of Laboratory Animals. Rats were given rat chow (Teklad, Houston, TX) and water ad libitum and were housed in a room with a 12-hour lightdark cycle. Rats were allowed to acclimatize for ≥1 week before cardiac surgery. There were a total of 4 to 6 animals per sham and CHF group. Details of each surgical procedure can be found in the online-only Data Supplement.
Induction of Heart Failure
Rats were assigned randomly to either a sham-operated control group or a CHF group. CHF was induced by ligation of the left coronary artery as has been described previously.
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Radiotelemetry Implantation
After confirmation of CHF, a subset of animals was implanted with a Data Sciences International radiotelemetry pressure transducer (model # TA11PA-C40) in the femoral artery with the tip of the catheter advanced into the abdominal aorta. Recordings were taken while animals were resting quietly in their home cages or in the Plexiglas chamber during resting breathing measurements.
Simvastatin Administration
Sham and CHF rats were assigned randomly to either statin or vehicle treatment 6 weeks after coronary artery ligation surgery and confirmation of ejection fraction by echocardiography. Simvastatin (5 mg/kg as used in other studies, 22 graciously donated from Merck Laboratories) was mixed into one eighth of a teaspoon of peanut butter, and rats were allowed to consume the statin plus peanut butter (vehicle). All rats consumed all the peanut butter±statin within 1 to 2 minutes of presentation. Rats were fed either statin or vehicle for 14 days before final echocardiography and experimentation.
Resting Breathing and Chemoreflex Evaluation With Minute Ventilation (V E )
To assess resting breathing pattern and its relationship to CBC sensitivity, resting breathing and changes in ventilation in response to hypoxia and hypercapnia were measured in sham-vehicle, sham-statin, CHF-vehicle, and CHF-statin animals in the conscious resting state and compared cross-sectionally.
Carotid Sinus Nerve Recording
Before termination, some animals underwent carotid sinus nerve recording as previously described. 23 
Determination of Arrhythmia Incidence
The arterial pressure trace was used to evaluate the incidence of arrhythmias during the resting baseline period before chemoreflex testing. 24, 25 Using peak recognition software (Labchart, ADI instruments, Australia), the mean beat-to-beat interval was calculated during the 2-hour baseline period. Premature beats or delayed beats were tallied if the beat-to-beat interval exceeded 3 SDs above or below the mean. All events meeting the stated criteria were tallied and combined to derive a single index.
Micropunch of the NTS and Isolation of Carotid Bifurcation Protein for Western Blot Measurements
Micropunches and isolation of CB tissue were performed as described previously.
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Western Blot Measurement of AT 1 R, eNOS, and KLF2 Proteins
Western blots were performed as described previously. 27 Additional details can be found in the online-only Data Supplement.
CB Immunofluorescence and Chemoreceptor Cell Immunocytochemistry
To confirm and localize the protein expression seen in the carotid bifurcation experiments, we isolated the carotid bodies and performed immunostaining as previously described.
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Statistical Analysis
Data are presented as mean±SE. The data were subjected to 1-way ANOVA followed by comparison for individual group differences using the Newman-Keuls test or Bonferroni correction. 29 Statistical significance is indicated by a value of P<0.05. Table S1 in the online-only Data Supplement summarizes the echocardiographic measurements, heart rate, and body weights of all 4 groups of animals. Briefly, both ejection fraction and fractional shortening were similar between the CHF-vehicle and CHF-statin groups before and after statin treatment and significantly lower compared with sham groups. Statin treatment did not improve hemodynamic parameters in the CHF animals. the effect of statin to prevent these changes in CHF animals. Increases in respiratory variability associated with CHF are illustrated in the Poincare plots shown in Figure 1B . Short-term (SD1) and long-term (SD2) breath interval variability ( Figure 1C) show that statin treatment prevented the increases in respiratory variability associated with CHF. CHF animals had a significantly higher apnea/hypopnea index compared with sham groups, and this effect was blunted by statin treatment ( Figure 1A and 1D). Apneas immediately after sighs were excluded from the apnea/ hypopnea index. There was no difference in the incidence of post-sigh apneas in any of the groups (13±1 sham vehicle; 10±2 CHF vehicle; 10±2 CHF statin; and 11±2 sham vehicle). Taken together, these data indicate that statin treatment normalized the abnormal respiratory patterns seen in the CHF state.
Results
Cardiac Function in CHF-Vehicle, CHF-Statin, Sham-Vehicle, and Sham-Statin Rats
Effect of Statin Treatment on Arrhythmia Incidence
Because there is a correlation between heightened sympathetic activation, disordered breathing patterns, 4, 30 and increased incidence of ventricular arrhythmias, 31 we also assessed the effect of statin treatment on arrhythmia incidence. There were no sustained tachy/brady-arrhythmias identified in our tracings, and qualitatively the increases in arrhythmias we observed in CHF were ectopic beats. Tachograms are shown in Figure 2A , which illustrate a greater number of arrhythmias in CHF-vehicle animals relative to sham-vehicle animals ( Figure 2C ). Statin treatment significantly reduced the number of arrhythmias per hour in CHF rats. The use of the arterial pressure waveform to identify arrhythmias limited our ability to detect specific types of alterations in heart rhythm; however, our methods did allow us to reliably detect a relative increase or decrease in arrhythmia incidence.
Effect of Statin Treatment on Chemoreflex Control of Ventilation
Representative tracings in Figure 3A and summary data in Figure 3B show that the reflex ventilatory response to isocapnic hypoxia was greater in CHF-vehicle animals compared with sham vehicle. Statin treatment completely normalized the exaggerated response to hypoxia in CHF animals. Chemoreflex ventilatory responses to CO 2 under either 
Effect of Statin Treatment on CB Chemoreflex Sensitivity
Given that statin treatment restored resting breathing variability and normalized the exaggerated CBC ventilatory responses to hypoxia seen in CHF, we next determined whether these effects correlated with a change in CB afferent nerve discharge in response to hypoxia. As expected, at maximal oxygen levels (100%), CB afferent discharge was quiescent across all groups. However, at the lower ranges of F i O 2 (5%-15%), CB chemosensory activity was significantly increased in CHF-vehicle animals compared with sham vehicle (Figure 4) . The CB afferent response to acute hypoxia in the CHF-statin group was significantly reduced compared with the CHF-vehicle group (P<0.05). Indeed, statin treatment normalized CB afferent discharge in CHF rats to levels observed in sham animals.
Effect of Statin on KLF2, eNOS, and AT1 Receptor Expression
In both the NTS and the CB, KLF2 and eNOS protein were significantly decreased in the CHF vehicle animals compared with sham-vehicle animals ( Figure 5A and 5B). Statin treatment increased both KLF2 and eNOS to sham levels. Because the AT 1 R can also contribute to the enhanced CB sensitivity seen in CHF, we examined AT 1 R protein expression in the CB and NTS during CHF and after statin treatment. As expected, AT 1 R was upregulated in the CB and NTS of CHF-vehicle animals compared with sham groups, and expression was normalized by statin treatment in both regions.
Because the CB contains several cellular subtypes in addition to the chemoreceptor elements, we performed immunofluorescence on fixed sections of the CB to determine whether the changes in KLF2 expression seen in Figure 5 are localized to the glomus cells or vascular tissue. As shown in Figure 6 , KLF2 expression was localized to blood vessels in sham CBs and its expression was reduced in the CB blood vessels from CHF-vehicle rats. Interestingly, KLF2 was also localized to chemoreceptor glomus cells (type I, tyrosine hydroxylase positive) from sham animals, and KLF2 expression was markedly decreased in the glomus cells of CHF-vehicle animals. Statin upregulated KLF2 in vascular and glomus cells in CHF animals ( Figure 6 ). We further confirmed this finding using isolated glomus cells showing that statin restored KLF2 levels in glomus cells from CHF animals to that observed in sham CB glomus cells ( Figure S1 ).
Discussion
Clinical studies in patients with CHF indicate a strong relationship between enhanced chemoreflex sensitivity, disordered breathing patterns, sympathetic activation, and arrhythmia incidence. 32 Previous studies from our laboratory have clearly shown that the CBC contributes to sympatho-excitation, disordered breathing patterns, and increased arrhythmia incidence in CHF. 9, 11, 25 The present study demonstrates for the first time that statin therapy normalizes enhanced CBC sensitivity, disordered breathing patterns, and the increased incidence of arrhythmias observed in CHF. The molecular mechanisms responsible for enhanced CBC sensitivity in CHF are not completely understood, but previous work from our laboratory indicates that AT 1 R, nitric oxide, antioxidant enzyme expression, 11 and the modulation of K + channel activity 33 play important roles. The current study shows that KLF2 and eNOS are reduced and AT 1 R expression is increased in the CB and NTS in CHF, and that statin therapy normalizes these changes.
Role of KLF2 in Increased CBC Sensitivity in CHF
KLF2 is induced by vascular shear stress and has been shown to modulate angiotensin-converting enzyme and eNOS expression in endothelial cells. 20, 34 Recent studies from our laboratory have shown that decreasing carotid blood flow to the extent observed in CHF increases hypoxia-evoked CB discharge, increases angiotensin II and AT 1 R expression, and reduces eNOS expression in the CB. 35 These findings indicate that a blood flowdependent mechanism contributes to enhanced CBC sensitivity in CHF and provide a potential link between KLF2 and CBC sensitivity in CHF. Because KLF2 is required for statin-dependent increases in eNOS in the endothelium, it is likely that the salutary effect of statin treatment on CBC sensitivity results, in part, from KLF2/eNOS-dependent mechanisms. 20 The statin-mediated increase in KLF2 can also normalize the expression of several proinflammatory targets, such as E-selectin and vascular cell adhesion molecule 1, [36] [37] [38] as well as indirect inhibition of proinflammatory cytokines like nuclear factor-κB and activator protein 1, which have been implicated in the hyper-activation of the AT 1 R pathway in CHF. 39, 40 In addition to the above, KLF2 has been shown to inhibit the proinflammatory transcription faction HIF1α (hypoxia inducible factor 1-alpha) in the setting of hypoxia 41 ; thus, the statin-mediated upregulation of KLF2 could improve chemoreflex function via a variety of mechanisms.
Our study also has revealed that KLF2 expression is not only limited to endothelial cells but is also expressed in CB glomus cells, and is suppressed in CHF. Statin treatment was effective in normalizing expression of KLF2 in glomus cells. To our knowledge, this is the first demonstration that KLF2 is localized to the glomus cells of the CB. The mechanisms responsible for regulating KLF2 expression and its function in CB glomus cells, or neurons in general, are not known. It will be important to further assess the role of KLF2 within glomus cells on CB excitability in normal, CHF, and other states.
Mechanisms of Statin-Mediated Improvement in CBC Sensitivity in CHF
We have shown that increased angiotensin II and reactive oxygen species and downregulation of NOS and superoxide dismutase enzymes contribute to enhanced CBC in CHF. Interventions that upregulate eNOS or superoxide dismutase or that block the renin-angiotensin system in the CB reduce chemoreflex sensitivity in CHF. 11, 13, 42 Statin therapy has been shown to reduce sympathetic outflow, 18,43 expression of AT 1 R 44 and inflammatory mediators, 45 and oxidative stress. 18 Our results indicate that statins reduce enhanced CBC sensitivity in CHF likely by multiple KLF2-related mechanisms (increased eNOS, decreased renin-angiotensin system, decreased oxidative stress, and decreased inflammation). This improvement in CBC sensitivity is beneficial in normalizing disordered breathing patterns, sympatho-excitation, and increased arrhythmia incidence, which are common in the CHF state.
There are still several unknown mechanisms by which statins can exert their pleiotropic effects. The Western blot data strongly suggest that KLF2 and eNOS protein are increased after statin therapy. In addition, the precise molecular mechanism responsible for the upregulation in KLF2 and eNOS are not completely clear. For KLF2 to increase eNOS, it is suggested that inhibition of small GTP-binding proteins, such as rat sarcoma homolog gene family, member A (RhoA), is required. 20 Future studies will examine the link between the RhoA/RhoA-associated kinase II (ROCKII) pathway and KLF2 more directly.
Role of Statins in Reducing Arrhythmia Incidence in CHF
Previous reports indicate that statin therapy reduces arrhythmia incidence and mortality in patients with heart failure 46 ; however, these studies did not determine the impact that statin treatment may have had on CSR. Our studies show for the first time that statin treatment concomitantly improves disordered breathing patterns and decreases arrhythmia incidence, The mechanisms by which statins reduce arrhythmia incidence are unclear; however, reductions in disordered breathing patterns may contribute to this effect. In support of this idea, evidence indicates that arrhythmia incidence is higher during episodes of CSR, 4 and reduction of apnea incidence with either continuous positive airway pressure or adaptive servo ventilation results in reductions in premature ventricular contraction frequency as well as measures of sympathetic activation. [47] [48] [49] Our study did not specifically address the effect of statin therapy on SNA; however, previous studies have shown that statin therapy reduces SNA as well.
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Clinical Implications
Patients with severe CHF commonly experience disordered breathing patterns, which may be characterized by both obstructive and central apneas. [1] [2] [3] 50 Disordered breathing patterns are correlated with increases in arrhythmia incidence, and morbidity and mortality in CHF, and contribute to the progression of the disease. 51 Continuous positive airway pressure and adaptive servo-ventilation are accepted therapeutic treatments for sleep disordered breathing; however, because of their cumbersome In the current study, statin treatment had no effect on hemodynamic parameters, despite one previous study from our group showing that statin therapy can significantly increase ejection fraction. 43 This may be because of differences in the model of CHF used (the previous study was performed in a rapid ventricular pacing model, whereas the current study in a coronary artery ligation rat model). In addition, the duration of treatment in the present study (2 weeks) may not have been sufficient to affect cardiac function. However, other studies in both animal models and humans have shown that statin treatment had no effect on hemodynamic parameters. 18, 19, 52, 53 Despite a lack of improvement in hemodynamic parameters, we posit that the beneficial pleiotropic physiological effects of statins to abate arrhythmias and disordered breathing in CHF rats may be from the increased expression of KLF2 and eNOS centrally and peripherally.
In the current study, the dose of statin used was higher than that typically given to humans; however, the metabolism and dosage of any drug between species is not a linear relationship. 54 Previous studies have used a wide range of statin doses in rodent models (1-50 mg/kg) 55, 56 to assess various effects, and we therefore chose a median dose of 5 mg/kg in our study. We have demonstrated previously that even at low doses (0.5 mg/kg in a rapid ventricular pacing model of CHF in the rabbit), simvastatin still improved autonomic imbalance. 52, 53 Future studies will examine whether statin doses <5 mg/kg in a rodent model can also improve arrhythmia incidence and disordered breathing patterns.
The antiarrhythmic effects of statins in human subjects with coronary artery disease are a bit more controversial, with the protective effects of statins being largely dependent on both the type of arrhythmia seen and the severity of the coronary artery disease. However, the overall data suggest that in most cases, statins are thought to be antiarrhythmogenic. 57 In concordance with these findings, we have shown that statin treatment is an effective means for reducing the incidence of arrhythmias in CHF. Furthermore, our recent study in patients with nonischemic CHF suggested that simvastatin reduces sympathetic nerve activity and oxidative stress, 18 which may explain in part the reduction in arrhythmia incidence. Although most patient studies have shown a concomitant reduction in plasma cholesterol, animal studies suggest that the pleiotropic effects of statins are not mediated by their effect on plasma lipids.
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Perspectives
In a rat model of CHF, oral simvastatin treatment improved incidence of arrhythmias, CB chemoreflex sensitivity, and apnea/hypopnea index. This corresponded to an increase in KLF2 and eNOS expression and a decrease in AT 1 R expression in both the CB and the NTS. These data suggest that oral simvastatin treatment may be an effective therapeutic strategy in patients with high chemoreflex sensitivity. Figure 6 . Immunolocalization of Krüppel-like Factor 2 (KLF2) in the carotid body (CB) of chronic heart failure (CHF) rats. Representative image from a CB from a sham-vehicle rat, a CHF-vehicle, and a CHF-statin rat. KLF2 staining was localized to tyrosine hydroxylase positive glomus cells (arrow) and blood vessels (asterisk). Apparent decreases in KLF2 immunostaining were evident in the CBs from CHF rats. Note that CHF rats treated with statin displayed an increased KLF2 staining in the CB. Scale bar, 100 μm. Negative control was performed by omission of the primary antibody. 
